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a b s t r a c t
The distribution of cilia and the respiratory syncytial virus (RSV) nucleocapsid (N) protein, fusion
(F) protein, attachment (G) protein, and M2-1 protein in human ciliated nasal epithelial cells was
examined at between 1 and 5 days post-infection (dpi). All virus structural proteins were localized at cell
surface projections that were distinct from cilia. The F protein was also trafﬁcked into the cilia, and while
its presence increased as the infection proceeded, the N protein was not detected in the cilia at any time
of infection. The presence of the F protein in the cilia correlated with cellular changes in the cilia and
reduced cilia function. At 5 dpi extensive cilia loss and further reduced cilia function was noted. These
data suggested that although RSV morphogenesis occurs at non-cilia locations on ciliated nasal epithelial
cells, RSV infection induces changes in the cilia body that leads to extensive cilia loss.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Respiratory syncytial virus (RSV) is the most important viral cause
of lower respiratory tract infection in young children and neonates,
leading to high levels of mortality and morbidity (Nair et al., 2010).
There is currently no effective vaccine to prevent RSV infection in
humans, and only limited availability of drugs to treat infected
individuals. A greater understanding of the virus replication cycle,
and in particular the virus maturation process, should greatly
facilitate the development of novel antiviral strategies.
Two distinct virus structures are commonly formed in RSV-
infected epithelial cells, which are referred to as inclusion bodies
and virus ﬁlaments. Inclusion bodies have also been detected in
cells from infected patients suggesting a clinical relevance (Parham
et al., 1993). A ribonucleoprotein complex (RNP) is formed by the
viral genomic RNA (vRNA), the nucleocapsid (N) protein, the
phosphoprotein (P protein), the M2-1 protein and the large
(L) protein (Grosfeld et al., 1995; Yu et al., 1995; Collins et al.,
1996), and the RNPs accumulate within the cytoplasmic inclusion
bodies (Garcia et al., 1993; Santangelo et al., 2006; Carromeu et al.,
2007). The mature virus particle assembles at the apical cell surface
as cell-associated ﬁlamentous structures that are approximately
200 nm thick and up to 6 mm in length (Roberts et al., 1995). The
RNPs are located within these virus ﬁlaments, and are surrounded
by a protein layer formed by the matrix (M) protein. These virus
ﬁlaments are further bounded by a virus envelope in which the
virus fusion (F) and attachment (G) proteins are inserted. Although
the virus ﬁlaments and inclusion bodies are distinct morphological
structures, imaging of infected cells has suggested that they are
physically interconnected at the cell surface (Radhakrishnan et al.,
2010).
Current research focuses on enhancing our understanding of the
cellular processes that lead to the assembly of RSV ﬁlaments. The
involvement of lipid-raft microdomains in the assembly process has
been demonstrated (Brown et al., 2004, 2002; McCurdy and
Graham, 2003), and the cortical actin network plays a direct role
in both the formation of virus ﬁlaments and virus transmission
(Jeffree et al., 2007; Ravi et al., 2013). This research has been
primarily performed in immortalized cells that are susceptible to
RSV infection, convenient to use, and produce relatively large
amounts of the infectious virus. However, RSV replicates in the
nasopharyngeal cavity, which is a primary route of RSV infection in
the host. In comparison with permissive cell lines, there is currently
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Fig. 1. Ciliated epithelial cells derived from human nasal epithelial stem/progenitor cells (hNESPCs) are preferentially infected by RSV. (A) Mock-infected and RSV-infected
ciliated epithelial cells were ﬁxed at 24 h post-infection (hpi). The cells were co-stained with anti-N (1/400 dilution) and anti-β4 tubulin (1/300 dilution) and stained with
anti-rabbit IgG conjugated to AL555 (1/2000 dilution) and anti-mouse IgG conjugated to FITC (1/100 dilution). The cells were imaged using ﬂuorescence microscopy
(objective 40 magniﬁcation). The cilia are highlighted (white arrows). (B and C) The distribution of cilia and the F-actin network in mock-infected and RSV-infected ciliated
epithelial cells at 24 hpi. (B) Mock-infected and RSV-infected cells were stained using phalloidin-FITC (green) and anti-β4 tubulin (red) and imaged using confocal
microscopy. The cilia are highlighted (white arrows). (C) At 24 hpi RSV-infected cells were visualized using a Jeol 5600 scanning electron microscopy at 8000
magniﬁcation. Inset shows an enlarged image of the cell surface on RSV-infected cells highlighted by the white box. In each case the cilia (white arrows) and the alternative
ﬁlamentous staining pattern (*) are indicated. (D) At 24 hpi the cells were co-stained using anti-G and anti-F and the cells imaged by confocal microscopy at a focal plane that
allowed imaging of the cell periphery and cell top. The co-stained structures are highlighted (white arrows). (E) At 24 hpi the infected cells were co-stained with anti-β4
tubulin (green) and anti-F (red) and the cells imaged by confocal microscopy at a focal plane that allowed imaging of (i) the cilia and (ii) cell surface on the same cell. The
cilia-associated (white arrows) and non-cilia-associated F protein staining (*) patterns are indicated. (F). The anti-β4 tubulin (green) and anti-F (red) staining intensities in
(i) the cilia and (ii) at the cell surface. The staining intensities in the proﬁles were recorded from the region indicated by the white line in each image.
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relatively little information about the process of RSV morphogenesis
in cell types that are representative of the upper airway epithelium.
The upper airway epithelium contains a variety of cells with
specialized functions, such as ciliated cells and mucus-secreting
goblet cells. Early observations indicated that ciliated epithelium of
the respiratory airway was a major site of RSV replication
(Henderson et al., 1978; Wright et al., 1997). RSV infection in cells
that have been isolated from the airway suggested that RSV
replication in human airway cells occurs at the apical cell surface
of ciliated epithelial cells (Zhang et al., 2002; Wright et al., 2005).
Furthermore, recent observations suggested that cilia may be a
primary site of RSV morphogenesis (Smith et al., 2014).
Many studies on RSV infection in ciliated epithelial cells have
used RSV that expresses a ﬂuorescent protein (e.g. GFP) to detect
the presence of infected cells (e.g. Zhang et al., 2002; Wright et al.,
2005). However, the distribution of individual virus structural
proteins is largely uncharacterized in ciliated epithelial cells
infected with RSV, and this is a prerequisite for understanding
the process of RSV morphogenesis in these cells. In this respect, in
situ imaging of virus-infected ciliated epithelial cells that have
been stained using reagents that recognize speciﬁc virus structural
proteins and cell markers is the most direct method for analyzing
the distribution of virus particles and cilia.
Fully differentiated nasal epithelial cells derived from human nasal
epithelial stem/progenitor cells (hNESPCs) that were isolated from
nasal biopsies have been previously described (Kumar et al., 2011; Yu
et al., 2012; Zhao et al., 2012). Single cell derived colonies could be
propagated, and the pedigree lines developed from these single cells
can differentiate into properly stratiﬁed mucociliary airway epithe-
lium composed of both ciliated columnar cells and goblet cells. In this
study we have used this novel hNESPCs-derived ciliated nasal
epithelial (NE) cell model to examine the process of RSV morphogen-
esis in individually infected ciliated cells during the early stages of
virus infection. To our knowledge this is the ﬁrst detailed analysis of
RSV morphogenesis in ciliated nasal epithelial cells.
Results
Ciliated epithelial cells are present on fully differentiated nasal
epithelial cell monolayers derived from human nasal epithelial stem/
progenitor cells (hNESPCs)
Prior to infection with RSV, the NE cell monolayers were
examined to conﬁrm the presence of ciliated cells. Examination
by scanning electron microscopy (SEM) revealed the presence of
morphologically distinct ciliated epithelial cells in the cell mono-
layer, together with other cell types e.g. mucus secreting goblet
cells (SFig. 1A). The ß4 tubulin protein is a ß tubulin subtype that is
a major structural protein within the ciliary axoneme of the cilia
(Satir and Christensen, 2007). Mock-infected cells were co-stained
with phalloidin-FITC to detect F-actin (allowing the intact whole
cell monolayer to be imaged) and anti-ß4 tubulin to detect the
ciliated cells within the cell monolayer (SFig. 1B and C). The co-
stained cell monolayer was imaged using immunoﬂuorescence (IF)
microscopy, which revealed the presence of ciliated cells within
the continuous cell monolayer, and also conﬁrmed the integrity of
the NE cell monolayer. Furthermore, staining of mock-infected
cells with anti-ZO-1 (which recognizes the tight junction protein
ZO-1) conﬁrmed the presence of tight junctions within the cell
monolayer (SFig. 1D). The muc5ac protein is located within goblet
cells and the non-infected cells were stained using either anti-ß4
tubulin or anti-muc5ac and examined by IF microscopy (SFig. 1E).
The NE cell monolayers stained with anti-ß4 tubulin revealed a
population of cells exhibiting a prominent ﬁlamentous staining
pattern consistent with the presence of cilia, while staining with
anti-muc5ac revealed cells with a more punctate staining pattern.
Ciliated epithelial cells derived from human nasal epithelial stem/
progenitor cells (hNESPCs) are preferentially infected by RSV
The NE cell monolayers were mock-infected or infected with RSV,
and at 24 h post-infection (hpi) the cells were co-stained using anti-
N (to detect the N protein) and anti-ß4 tubulin (Fig. 1A). Examination
using IF microscopy showed that the anti-N staining was restricted to
the ciliated anti-ß4 tubulin stained cells, which was consistent with
ciliated cells being preferentially infected by RSV (Zhang et al., 2002).
Approximately 85–90% of the ciliated cells were routinely infected
with RSV under our experimental conditions. As expected, anti-N
staining was not observed in the mock-infected cells. This indicated
that RSV speciﬁcally infects the ciliated cells in the fully differentiated
human NE cell monolayer that were generated using the human
nasal epithelial stem/progenitor cells (hNESPCs).
Mock-infected and RSV-infected NE cell monolayers were
stained using phalloidin-FITC and anti-ß4 tubulin at 24 hpi, and
examined using confocal microscopy at focal planes that allowed
imaging of the cilia (Fig. 1B). As expected we failed to detect
phalloidin-FITC staining in the cilia, conﬁrming the absence of F-
actin within the cilia (Satir and Christensen, 2007). We also noted
that the cilia imaged in the virus-infected and mock-infected cells
were similar in appearance, suggesting that virus infection did not
induce detectable morphological changes in the cilia at 24 hpi.
This was conﬁrmed by using SEM to examine mock and RSV-
infected cells at 24 hpi, which showed that in both cases the cilia
were similar in appearance (Fig. 1C).
Although F-actin is not present within the cilia body, certain types
of F-actin structure have also been shown to exert an inhibitory effect
on the formation of cilia (ciliagenesis) (Kim et al., 2010; Bershteyn
et al., 2010; Cao et al., 2012; Bhogaraju et al., 2014; Yan and Zhu,
2013). An association of F-actin and virus ﬁlaments has been
demonstrated, and virus-induced F-actin remodeling has been pro-
posed to play a role in RSV ﬁlament formation (Jeffree et al., 2007;
Ravi et al., 2013; Ulloa et al., 1998; Kallewaard et al., 2005). RSV-
infected cell monolayers were also co-stained using phalloidin-FITC
(to visualize the cell monolayer) and anti-G, and imaged using IF
microscopy (SFig. 2A) and confocal microscopy (SFig. 2B and C). This
showed the presence of anti-G stained infected cells within the
continuous and intact cell monolayer, and the presence of virus
particles on F-actin stabilized membrane structures. At 24 hpi RSV-
infected cells were co-stained using anti-G and anti-F, and imaged at
low magniﬁcation using IF microscopy (SFig. 2D and E), which
showed a ﬁlamentous co-staining pattern on the infected ciliated
cells. Examination of individual infected cells by confocal microscopy
showed the presence of ﬁlamentous structures (approximately 1 to
1.5 mm in length) that co-stained with both antibodies and exhibited
a high level of co-localization (Fig. 1D).
RSV antigen has been detected within the cilia on RSV-infected
ciliated epithelial cells (Smith et al., 2014) suggesting that cilia
maybe a primary site of virus particle assembly. Similarly, the
parainﬂuenza virus (PIV) F protein was also detected on the cilia
of PIV-infected human airway epithelial cells (Zhang et al., 2005).
The F protein is an absolute requirement for formation of infectious
virus particles, and the N protein is one of the most abundant
virus structural proteins within mature infectious virus particles
(Radhakrishnan et al., 2010). Although less abundant than the N
protein, the M2-1 protein is also an essential virus protein that is
present in virus particles (Radhakrishnan et al., 2010). In permissive
cells the F (and G) proteins are trafﬁcked through the secretory
pathway to the site of virus assembly, while the N protein
accumulates within cytoplasmic inclusion bodies and is transported
into virus particles by a different mechanism (Santangelo et al.,
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2006). Although these different virus structural proteins are traf-
ﬁcked to the site of virus assembly using different cellular path-
ways, if the cilia were a primary site of RSV assembly we would also
expect that all the major virus structural proteins would concur-
rently accumulate within these structures.
The earlier study of Smith and colleagues (Smith et al., 2014)
used a polyclonal antibody preparation obtained using a lysate of
from whole virus, which would expected to be reactive against
more than one virus structural protein. Therefore, to address this
question if cilia were a site of virus morphogenesis on virus-
infected NE cell monolayers, we used imaging to examine the
relative distribution of the anti-ß4 tubulin-stained cilia and the
virus N, F and M2-1 proteins. In addition, we quantiﬁed the levels
of the N and F protein in the cilia by estimating the degree of co-
localization between the virus antigen (F or N proteins) and the
anti-ß4 tubulin stained cilia. This was achieved by determining the
Pearson's correlation coefﬁcient (R) in co-stained cells, and exam-
ining the pixel distribution of each antibody in the cilia.
Previous studies have suggested that profound physiological
changes occur in RSV-infected ciliated epithelial cells by 10 days
post-infection (dpi) (Smith et al., 2014; Mata et al., 2012). We were
interested to determine if infection induced changes in the cell
physiology at the early stages of infection, and in this current study
we therefore examined RSV-infected nasal epithelial (NE) cell
monolayers at 24, 48, 72 and 120 h post-infection (hpi). These times
of infection are earlier than in these previous studies, but allowed us
to capture the events relatively early in the infection of the cells.
Distribution of the N and F proteins and cilia on the surface of RSV-
infected ciliated cells at 24 hpi
Infected NE cell monolayers were co-stained with anti-ß4 tubulin
and anti-F at 24 hpi and examined by confocal microscopy. A
ﬁlamentous F protein staining pattern consistent with presence of
RSV particles was observed. However, we also noted that a approxi-
mately 40–50% of the infected cells showed an additional low level of
the anti-F staining within anti-ß4 tubulin stained cilia (Fig. 1E(i)),
where R¼0.7470.03 and the co-localizing pixels accounted for
between 78% and 85% of the pixels detected in the cilia. This was
distinct from the F protein staining pattern at non-cilia locations on
the cells surface (Fig. 1E(ii)), where no evidence for signiﬁcant anti-F
and anti-ß4 tubulin co-staining was observed (R¼0.0470.01). These
conclusions were supported by examination of the F protein and ß4
tubulin staining intensities in the cilia and at the cell surface (Fig. 1F).
This indicated trafﬁcking of the F protein into the cilia, and was
consistent these earlier observations of virus antigen detection
in cilia.
At 24 hpi RSV-infected NE cell monolayers were co-stained using
anti-N and anti-ß4 tubulin, (Fig. 2) and examined by confocal
microscopy to visualize the distribution of the virus antigen and
the cilia respectively. A ﬁlamentous anti-N protein staining pattern
was noted that was consistent with the presence of virus particles,
and which were shorter (approximately 1 mm) than the longer and
more distinct ß4 tubulin-stained cilia (approximately 5 mm). More-
over, we failed to detect anti-N surface staining within the cilia
(Fig. 2A and B). Examination of the pixel distribution in an image
where the pixels within the cilia were sampled at two optical
planes was performed (Fig. 2C and D). Only a small proportion of
co-localizing pixels was detected (between 0.1% and 1%), and the
majority of the pixels detected corresponded to anti-ß4 tubulin
staining (typically greater than 98% of the total pixels sampled).
Typical R values of 0.1170.05 were recorded, indicating no sig-
niﬁcant levels of co-localization. Analysis of the anti-N and anti-ß4
tubulin staining intensity across the infected cells also showed that
the N protein was excluded from the cilia (Fig. 2E).
Ezrin is an actin-binding protein that in ciliated epithelial cells
links the cortical cytoskeleton to the cell membrane at the apical
cell surface, but it is not present in cilia (Huang et al., 2003). At
24 hpi the infected NE cell monolayers were co-stained with anti-
ezrin and anti-N and examined by confocal microscopy (Fig. 2F). We
detected the anti-N protein stained structures located above and
close to the apical cell surface, and again this was distinct from the
ß4 tubulin staining pattern exhibited by the cilia. This also indicated
that the N protein was associated with ezrin-stabilized cell surface
membrane structures. Since ezrin is an actin-binding protein this
was also consistent with the formation of virus particles on
phalloidin-FITC stained cell surface structures (SFig. 2C).
Distribution of the N, M2-1 and F proteins and cilia on the surface of
RSV-infected ciliated cells at 48 hpi
At 48 hpi the infected cells were co-stained with anti-N and anti-
ß4 tubulin and imaged at low magniﬁcation using IF microscopy. This
showed that the N protein staining pattern was distinct from the
prominent ﬁlamentous anti-ß4 tubulin stained cilia (SFig. 3A–C). More
detailed examination of the individual infected cells by confocal
microscopy at several focal planes allowed imaging of the cell surface
and cilia, which indicated the absence of the N protein in the cilia at
48 hpi (Fig. 3A). Examination of the pixel distribution in the anti-N and
anti-ß4 tubulin co-stained cells at the cell surface showed the absence
of anti-ß4 tubulin staining (SFig. 3D). In the cilia, pixels arising from
anti-ß4 tubulin staining accounted for between 92% and 95% of the
total pixels sampled, while co-localizing pixels and red pixels (due to
possible anti-N background staining) respectively accounted for
approximately 2% and 0.5% of the total pixels sampled (SFig. 3E).
The anti-N and anti-ß4 tubulin co-stained ciliated cell was examined
at a focal plane above the cell where the cilia are the most prominent
feature imaged (SFig. 3F). Analysis of the pixel distribution showed
that pixels originating from the anti-N staining accounted for less than
0.1% of the pixels sampled, and co-localizing pixels accounted for
between 1% and 2% of the sampled pixels. In all images we noted R
values close to zero (typically 0.0970.04), indicating no signiﬁcant
levels of co-localization at this time of infection.
Examination of the anti-N and anti-ß4 tubulin staining dis-
tribution on RSV-infected cells demonstrated that the N protein
staining intensity was distinct from that of the ß4 tubulin staining
(Fig. 3B). This was consistent with the pixel analysis described
above, and indicated that the N protein was not present in the
cilia. Interestingly by 48 hpi the presence of anti-N stained
cytoplasmic inclusion bodies became more apparent (Fig. 3C).
RSV-infected cells stained with anti-M2-1 exhibited a similar
staining pattern to that of the N protein (SFig. 4A) and was
consistent with a non-cilia location. Furthermore, similar to the
N protein, in virus-infected cells the M2-1 protein was preferen-
tially distributed on the apical cell surface (SFig. 4B).
At 48 hpi the infected cells were stained with anti-F and imaged
at low magniﬁcation using IF microscopy. This showed the presence
of a ﬁlamentous F protein staining pattern that was similar to the
prominent ﬁlamentous anti-ß4 tubulin stained cilia (SFig. 5A). At
48 hpi mock-infected (Fig. 4A) and RSV-infected (Fig. 4B and C) NE
cell monolayers were co-stained using anti-F and anti-ß4 tubulin,
and examined by confocal microscopy. The infected cells showed
both a non-cilia F protein staining pattern (Fig. 4B) and an
additional strong anti-F staining pattern within the cilia (Fig. 4C).
The pixel distribution in the scatter plot (Fig. 4D) indicated that
most pixels appeared in the diagonal region of the scatter plot. This
was consistent with a high degree of co-localization, and the co-
localizing pixels accounting for between 90% and 97% of the total
pixels sampled. In this analysis R was typically 0.8470.05, indicat-
ing a high level of co-localization between the anti-F and anti-ß4
tubulin staining. Examination of the distribution of the anti-F and
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anti-ß4 tubulin staining on RSV-infected cells indicated that the
staining intensity of the F protein coincided with the anti-ß4
tubulin stained cilia (Fig. 4E), consistent with the presence of the
F protein in the cilia. Collectively this analysis conﬁrmed the
presence of the F protein in the cilia, and indicated trafﬁcking of
the F protein into the cilia.
The G protein is trafﬁcked into GM1-enriched cilia at 48 hpi
RSV assembly within lipid-raft microdomains has been demon-
strated using a variety of biochemical and imaging techniques
(Brown et al., 2004, 2002). Cholera toxin B subunit (CTX-B) binds
to the raft-associated lipid GM1, and has previously been used to
detect the presence of GM1 within virus ﬁlaments and to show the
association of RSV ﬁlaments with lipid raft membrane domains
(Brown et al., 2002; Jeffree et al., 2003). The presence of raft-lipid
microdomains within the cilia has been demonstrated in several
studies (reviewed in Emmer et al. (2010)), which have also shown
that CTX-B can efﬁciently bind cilia. The distinct cilia-speciﬁc GM1
staining pattern can therefore act as a cellular maker for cilia
detection. We used cholera toxin B subunit conjugated to Alexa
Fluors 488 (CTX-488) to examine the relative distribution of the
cilia and the G, N and M2-1 proteins within the ciliated cells.
Fig. 2. Distribution of the N protein on RSV-infected cells at 24 h post-infection. (A) At 24 h post-infection (hpi) the cells were stained using anti-β4 tubulin (green) and anti-
N (red) and the cell imaged by confocal microscopy at a focal plane that allows (i) and (ii) the cell surface and (iii) the region immediately above the infected cell to be
visualized. (B) Higher magniﬁcation image of open boxed region in (A). The ﬁlamentous N protein staining pattern (*) and cilia (white arrows) are indicated. (C) (i) The
scatter-plot of the anti-β4 tubulin (green) and anti-N (red) stained cells showing distributions of the red and green pixels in (ii) the area (highlighted by the white circle)
where the pixels were sampled (R¼ 0.11). (D) (i) The scatter-plot of the anti-β4 tubulin (green) and anti-N (red) stained cells showing distributions of the red and green
pixels in (ii) at an optical plane where the cilia are visualized and the area (highlighted by the white circle) where the pixels were sampled (R¼0.16). (E) The staining
intensity of the anti-β4 tubulin (green) and anti-N (red) staining intensity across the infected cell at an optical plane where the cilia are visualized. Cross-section analysis
indicated by white line in (i) and (ii) plotted as an intensity map. (F) The distribution of the N protein on the apical cell surface of RSV-infected ciliated epithelial cells. At
24 hpi the cells were stained using anti-ezrin (green) and anti-N (red) and the cells imaged by confocal microscopy at a focal plane that allows the cell surface to be
visualized. (ii) higher magniﬁcation image of boxed region in plate (i), (highlighted by open white box). Only the merged image is shown. In all scatter-plots Ch2-T1
(β4 tubulin; green pixels) and Ch3-T2 (N protein; red pixels) is shown. Data is presented using representative images.
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At 48 hpi mock-infected and RSV-infected cells were co-stained
using CTX-488 and anti-ß4 tubulin, and the distribution of GM1 and
ß4 tubulin examined by confocal microscopy (Fig. 5A). In ciliated
cells we noted a distinct GM1 staining pattern that co-stained with
anti-ß4 tubulin cilia at an optical plane just above the cell. This
indicated CTX-488 staining of the cilia, and GM1-enriched mem-
brane microdomains within the cilia. A quantitative analysis of the
pixel distribution indicated that co-localizing pixels in the cilia
accounted for between 70% and 75% of the pixels sampled, and
R¼0.7570.08. Infected cells were co-stained with anti-G and CTX-
488, and examined by confocal microscopy at an optical plane
above the cell surface (to examine the cilia). This revealed a distinct
G protein and GM1 co-staining pattern within the cilia (Fig. 5B).
Examination of the G protein and GM1 distributions indicated that
the staining intensity of the G protein coincided with GM1-stained
cilia (SFig. 5B). In a similar analysis the staining patterns of the anti-
N and CTX-488 were examined, which revealed no anti-N co-
staining in the CTX-488 stained cilia. This indicated that the N
protein was excluded from the CTX-488-stained cilia (Fig. 5C).
Quantitative examination of the distributions of the N protein and
GM1 staining conﬁrmed that the N protein staining intensity did
not coincide with that of the GM1-stained cilia (SFig. 5B). Similarly,
the staining patterns of the anti-M2-1 and CTX-488 was also
examined by confocal microscopy (Fig. 5D and SFig. 5B), which
showed that the M2-1 proteinwas also excluded from the CTX-488-
stained cilia. These observations provided evidence for trafﬁcking of
the G protein into the cilia, and provided further evidence that the
N and M2-1 proteins were not present in the cilia.
At 48 hpi we also examined anti-N and anti-G co-stained cells
using IF microscopy (SFig. 6A–C). A prominent cilia-like anti-G
staining pattern was observed, that was distinct from the anti-N
staining pattern. Examination of the co-stained cell using confocal
microscopy at a focal plane above the infected cell showed a distinct
anti-G cilia-like staining pattern (SFig. 6D(i)), consistent with the
presence of the G protein in the cilia. In contrast, examination at a
focal plane that allowed imaging of the cell surface showed an anti-
N and anti-G co-staining pattern close to the cell surface (SFig. 6D
(ii)), but which was distinct from the anti-G cilia-like staining
pattern. Collectively, these data are again consistent with G protein
trafﬁcking into the cilia and the exclusion of the N protein.
Localized concentration of the F protein within the cilia occurs by
72 hpi
At 72 hpi mock-infected (Fig. 6A) and RSV-infected NE cell mono-
layers (Fig. 6B and C) were labeled using anti-F and anti-ß4 tubulin,
and examined using confocal microscopy at a focal plane that allowed
imaging of the cilia. While anti-F staining along the length of the cilia
on infected cells was observed, we also noted increased anti-F staining
intensity at speciﬁc locations on the cilia (e.g. at the distal ends of the
cilia) that co-localized with the increased anti-ß4 tubulin staining
(R¼0.8370.06). The pixel distribution in the image was consistent
with a high degree of co-localization (Fig. 6D), and the co-localizing
pixels accounted for approximately 85% of the total pixels sampled.
Examination of the distribution of the anti-F and anti-ß4 tubulin
staining indicated that the staining intensity of the F protein coincided
Fig. 3. Distribution of the N protein on RSV-infected cells at 48 h post-infection. (A) At 48 hpi the cells were stained using anti-β4 tubulin (green) and anti-N (red), and the
cells imaged by confocal microscopy at different focal planes from (i) the cell surface sequentially increasing in height to (iii) an optical plane where the cilia are the main
features imaged. The cilia (white arrow) are highlighted. (B) Representative staining proﬁles of two individually anti-β4 tubulin (green) and anti-N (red) stained infected
cells. The staining intensities in the proﬁles were recorded from the region indicated by the white line in each image. (C) anti-β4 tubulin (green) and anti-N (red) stained cells
were imaged by confocal microscopy at a focal plane that allowed imaging of the inclusion bodies (indicated by *) and cilia (indicated by white arrows).
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with increased anti-ß4 tubulin stained cilia (Fig. 6E), consistent with
the presence of the F protein in the cilia. The analysis of anti-G stained
virus-infected cells at 72 hpi showed a similar cilia-like anti-G staining
pattern with regions of increased anti-G staining intensity (Fig. 6F),
which was expected given the co-localization between both the F and
G proteins in these cells.
Anti-F and anti-ß4 tubulin stained infected cells were also
examined at focal planes that allowed imaging of the cilia and the
cell surface on the same infected cell (Fig. 7A and B). This showed
that the increased F protein staining intensity in the cilia was
distinct from the F protein staining at non-cilia locations on the cell
surface. Imaging of anti-F and anti-ezrin stained infected NE cell
monolayers at 72 hpi showed that the non-cilia associated F protein
was localized at cell surface protrusions close to the cell surface
(Fig. 7C). This again showed that the virus antigen (F protein) was
associated with ezrin-stabilized cell surface membrane structures.
Mock-infected and RSV-infected cells stained with anti-N and
anti-ß4 tubulin at 72 hpi were examined by IF microscopy at lower
magniﬁcation (Fig. 8A–C). This showed that the N protein staining
pattern was again distinct from the prominent ﬁlamentous anti-ß4
tubulin-staining pattern. More detailed examination of individual
infected cells by confocal microscopy showed similar increased
anti-ß4 tubulin staining along the cilia (as described above), but N
protein straining was absent in the cilia (Fig. 8D and E). Analysis of
the scatter plot of the co-stained cells showed that the absence of
anti-N and anti-ß4 tubulin co-staining at the cell surface (Fig. 8F)
and the cilia (Fig. 8G), consistent with low R values and the
absence of the N protein in the cilia.
The imaging data indicated that at between 48 and 72 hpi there
was an accumulation in F protein staining within the cilia which co-
localized with the increased anti-ß4 tubulin staining intensity. Immu-
noblotting of the mock-infected and virus-infected NE cell extracts at
24 and 72 hpi using anti-ß4 tubulin showed similar levels of ß4
tubulin in the mock-infected and virus-infected cells at each time of
infection (Figs. 9A(i)). This indicated that the apparent increase in ß4
tubulin staining intensity along the cilia at 72 hpi was not due to
increased ß4 tubulin protein expression, but rather indicated the
accumulation of ß4 tubulin at these locations within the cilia.
Immunoblotting of the cell extracts using anti-G revealed a
major 80 kDa G protein species in the infected cells, together with
lower levels of a G protein species ranging in size from 100 kDa to
200 kDa (Fig. 9A(ii)). Although a single 80 kDa protein species G
protein is usually expressed on the surface of HEp-2 cells, a large
proportion of the apparent mass of the G protein is due to
glycosylation, and cell-speciﬁc differences in G protein glycosylation
have been reported (Kwilas et al., 2009; Collins and Mottet, 1992). G
protein species of approximately 180 kDa have been reported in
human airway epithelial cells (Kwilas et al., 2009), suggesting that
the larger G protein species that we detect may reﬂect G protein
glycan heterogeneity. Immunoblotting of the infected cell lysates
using anti-N (Fig. 9A(iii)) and anti-M2-1(Fig. 9A(iv)) showed a
protein species of the expected size for the N protein and M2-1
protein respectively. Immunoblotting with each of the virus-speciﬁc
antibodies showed increased expression of the virus proteins at
72 hpi compared with that at 24 hpi, and was consistent with
increased virus replication at the later time of infection.
Fig. 4. Distribution of the F protein and cilia on the surface of RSV-infected ciliated epithelial cells at 48 h post-infection. At 48 h post-infection (hpi) (A) mock-infected and
(B and C) RSV-infected cells were stained using anti-β4 tubulin (green) and anti-F (red) and the cells imaged by confocal microscopy. (B) Focal plane that shows the cilia and
cilia-associated F protein co-staining (white arrows) and non-cilia associated F protein staining on the cell surface (*) and (C) the co-staining pattern within the cilia at an
optical plane above the cell where the cilia are the main feature imaged. (D) (i) The scatter-plot of the anti-β4 tubulin (green) and anti-F (red) stained cells at 48 hpi at an
optical plane above the cell showing distributions of the red and green pixels in (ii) the merged image showing the area (highlighted by the white circle) where the pixels
were sampled (R¼0.88). In the scatter-plot Ch2-T1 (β4 tubulin; green pixels) and Ch3-T2 (F protein; red pixels) is shown. Data is presented using representative images.
(E) Representative staining proﬁles of individual mock-infected and RSV-infected cells stained with anti-β4 tubulin (green) and anti-F (red). The staining intensities in the
proﬁles were recorded from the region indicated by the white line in each respective image.
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At 72 hpi mock-infected and RSV-infected cells were also
surface-biotinylated and the surface-labeled F proteins isolated by
immunoprecipitation with anti-F as described previously (Low
et al., 2008). Similar levels of total biotinylated proteins were
present in the detergent extracts prepared from mock-infected
and virus-infected cell monolayers (Fig. 9B(i)). Immunoprecipitation
with anti-F revealed a protein species of approximately 50 kDa, the
expected size of the mature F1 protein subunit (Fig. 9B (ii)). The F
and G proteins interact to form a protein complex on infected
permissive cells (Low et al., 2008), and interestingly a co-
precipitating 80 kDa biotinylated protein was also detected. This is
the expected size of the G protein, suggesting that a similar protein
complex forms on infected ciliated cells.
Extensive loss of cilia function occurs by 5 days -post-infection.
Cilia beat is a direct measure of cilia function, and this process
can be visualized using optical microscopy (e.g. movie-1 and movie-
2) and the cilia beat frequency (CBF) quantiﬁed (e.g. SFig. 7). At
between 1 and 5 days post-infection (dpi) the CBF in mock-infected
and RSV-infected NE cells was recorded. On mock-infected cells a
CBF of between approximately 5 and 8 Hz was recorded throughout
the duration of the experiment, but following virus infection a time-
dependent reduction in the CBF was recorded over the 5 days
(Table 1). Interestingly, by 3 dpi (72 hpi) an approximate 40%
decrease in CBF was observed, which coincided with the altered
anti-ß4 tubulin staining pattern observed at 72 hpi.
Fig. 5. The G protein is trafﬁcked into GM1-enriched cilia. (A) At 48 h post-infection (hpi) (i) mock and (ii) RSV-infected ciliated cells were stained using anti-β4 tubulin (red)
to detect the cilia and CTX-488 (green) to detect the presence of GM1. The cells were imaged by confocal microscopy at a focal plane above the cell that allowed imaging of
the cilia. In the infected cells only the merged image is shown. (B) RSV-infected ciliated cells were stained using anti-G (red) and CTX-488 (green) and the cells imaged by
confocal microscopy at an optical plane (i) above the infected cells where the cilia are the predominant feature imaged and at an optical plane (ii) where the cilia and cell
surface are imaged. In (ii) only the merged image is shown. The cilia are highlighted (white arrows). (C) RSV-infected ciliated cells were stained using anti-N (red) and CTX-
488 (green) and the cells imaged by confocal microscopy at a focal plane (i) above the infected cells that allowed imaging of the cilia (highlighted by white arrows) and (ii) at
the cell surface. The N protein staining at the cell surface (*) and an inclusion body (IB) are indicated (D) RSV-infected ciliated cells were stained using anti-M2-1 (red) and
CTX-488 (green) and the cells imaged by confocal microscopy at a focal plane above the infected cells that allowed imaging of the cilia. (highlighted by white arrows).
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Fig. 6. Altered distribution of β4 tubulin occurs on cilia on RSV-infected ciliated epithelial cells at 72 h post-infection. (A) Mock and (B and C) virus-infected cells were
stained using anti-β4 tubulin and anti-F and the cilia imaged by confocal microscopy. The cilia (white arrows) and localized concentrations of β4 tubulin (*) in infected cells
are indicated. (C) is an image at lower magniﬁcation that shows the altered β4 tubulin distribution in several infected cells in the same ﬁeld of view at two optical planes
(i) and (ii) that allowed imaging of the cilia. (D) The scatter-plot of the anti-β4 tubulin (green) and anti-F (red) co-stained cells at 72 hpi at an optical plane above the cell
where the cilia are the main feature imaged. This shows distributions of the red and green pixels in the merged image in the area (highlighted by the white circle) where the
pixels were sampled (R¼0.82). In the scatter-plot Ch2-T1 (β4 tubulin; green pixels) and Ch3-T2 (F protein; red pixels) is shown. Data is presented using representative
images. (E) Representative staining proﬁles of individual RSV-infected cells stained with anti-β4 tubulin (green) and anti-F (red) stained infected cells. The staining intensities
in the proﬁle were recorded from the region indicated by the red line in the image. (F) Virus-infected cells were stained using anti-G and cells imaged by confocal
microscopy. The cilia-like staining (white arrows) and localized concentrations of G protein (*) along the cilia in infected cells are indicated. Plate (ii) is an enlarged image
taken from plate (i) (highlighted by open white box).
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Fig. 7. The F protein is located at both the cell membrane and cilia at 72 h post-infection. (A) Virus-infected cells were stained using anti-β4 tubulin and anti-F and the cilia
imaged by confocal microscopy (i) at an optical plane above the infected cell, (ii) at an optical plane midway between the optical plane above the cell and cell surface and
(iii) at the cell surface. (B) Is an enlarged image taken from the region highlighted in plate A(iii) (highlighted by white box). The cilia (white arrows) and localized
concentrations of β4 tubulin (*) in infected cells are indicated. (C) Virus-infected cells were stained using anti-ezrin and anti-F and the cells imaged by confocal microscopy at
the cell surface. F protein staining is highlighted by white arrows. Plate (ii) is an enlarged image taken from plate (i) (highlighted by open white box).
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The apical cell surface was washed with culture media at between
1 and 5 dpi to harvest the cell-free virus, and the quantity of
recoverable extracellular infectious virus measured by microplaque
assay. We also measured the levels of infectious virus at 6 hpi since
signiﬁcant levels of RSV particle formation would not be expected at
this short time of infection (Yeo et al., 2009). This provided a base-
line virus infectivity measurement (e.g. due to residual input virus)
with which to compare at the later time points of infection (i.e. at
between 1 and 5 dpi). An approximate 100-fold increase in the virus
titer was recovered by 5 dpi (Table 2), indicating that increased
production of infectious virus particles over the 5 days.
By 5 dpi an approximate 55% decrease in CBF was observed
(Table 1), and at 5 dpi mock-infected and RSV-infected cells were
co-stained with anti-N and anti-ß4 tubulin and analyzed using IF
microscopy (SFig. 8). The mock-infected cells showed the promi-
nent anti-ß4 tubulin stained cilia (SFig. 8A), while RSV-infected
cells showed a reduction in anti-ß4 tubulin staining (SFig. 8B). On
many infected cells we also noted the almost complete absence of
anti-ß4 tubulin staining. The presence of relatively large anti-N
stained cytoplasmic inclusion bodies conﬁrmed advanced infec-
tion in these cells at 5 dpi (SFig. 8B).
A more detailed examination of anti-ß4 tubulin and anti-N
stained mock-infected cells (Fig. 10A) and virus-infected cells at
5 dpi (Fig. 10B and C) was performed using confocal microscopy
which conﬁrmed the virus-induced loss of cilia. Cell lysates
prepared from mock-infected and virus-infected cells at 5 dpi
were examined by immunoblotting using anti-ß4 tubulin
(Fig. 10D). This showed a greater than 95% reduction in the ß4
tubulin protein levels in the infected cell lysates, consistent with
the virus-induced loss of cilia indicated in the imaging analysis.
At 5 dpi the infected cells were also co-stained using anti-G and
phalloidin FITC (to visualize the cell monolayer) and examined by IF
microscopy (SFig. 8C), which revealed virus-infected cells within the
intact NE cell monolayer. Analysis by SEM showed the presence of
cilia on mock-infected cells, while the cell monolayers challenged
with RSV exhibited extensive loss of cilia, but again conﬁrmed that
the NE cell monolayer was intact (SFig. 8D). This suggested that
although the ciliated cells were largely denuded of cilia, this
Fig. 8. Analysis of the distribution of the N protein in RSV-infected cells at 72 h post-infection (hpi). (A) Mock-infected and (B and C) RSV-infected ciliated cells were stained
using anti-N and anti-β4 tubulin at 72 h post-infection (hpi) and the cells were imaged by ﬂuorescence microscopy (objective 20 ). Representative image of the infected cell
monolayer showing several infected cells in the same ﬁeld of view are shown. B(ii) and C(ii) are enlarged images from region highlighted by open white box in plates B(i) and
C(i) respectively, and the cilia are highlighted by white arrows. (D and E) Virus-infected cells were stained using anti-β4 tubulin and anti-N and the cilia imaged by confocal
microscopy at an optical plane where (D(i)) the cilia are imaged and (E(i)) where the cell surface is imaged. The cilia (white arrows) and localized concentrations of β4 tubulin
(*) are indicated. (ii) is an enlarged image from plate (i) (highlighted by open white box). (F and G). The scatter-plot of the anti-β4 tubulin and anti-N co-stained cells showing
distributions of the red and green pixels in the area (highlighted by the white circle) where the pixels were sampled at (F) the cell surface (R¼0) or (G) the cilia (R¼0.03). In
all the scatter-plots Ch2-T1 (β4 tubulin; green pixels) and Ch3-T2 (N protein; red pixels) is shown. Data is presented using representative images.
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reduction in cilia did not arise due to the general loss cell monolayer
integrity.
Infected cells were also co-stained using anti-N and anti-G at 5 dpi
and examined by confocal microscopy (Fig. 10E), which revealed a
ﬁlamentous co-staining pattern that was distinct from the cilia.
Analysis of anti-N and anti-G co-stained cells and anti-F stained cells
at different focal planes showed that the G and F staining was located
on the apical cell surface (SFig. 8E). Furthermore, apart from the anti-
N-stained cytoplasmic inclusion bodies the anti-N staining was also
located on the apical cell surface. This indicated preferential trafﬁcking
of the main virus structural proteins to the apical surface of the ciliated
cells, and was consistent with virus morphogenesis occurring on the
apical side of these cells.
Analysis of the NE cell monolayers by SEM showed the
presence of ciliated cells on mock-infected cells, while on RSV-
infected cells the absence of cilia and the presence of smaller
ﬁlamentous structures was observed (Fig. 10F). These structures
were morphologically similar to the anti-N and anti-G co-stained
structures observed in the confocal microscopy analysis (Fig. 10E),
and were similar in appearance to the virus ﬁlaments that are
detected on permissive cell lines (Parry et al., 1979).
Fig. 9. Altered distribution of β4 tubulin at 72 h post-infection is not due to increased β4 tubulin levels. (A) Cells from mock-infected (M) or RSV-infected (I) at 24 and 72 h
post-infection (hpi) were analyzed by immunoblotting using (i) anti-β4 tubulin, (ii) anti-G, (iii) anti-N and (iv) anti-M2-1. In each case the respective protein species are
indicated. The G protein smear from 100 to 200 kDa is indicated (black line). (v)The same membrane in (i) was re-probed with anti-actin, and bands corresponding to β4
tubulin (faint) and actin are indicated. Note the actin is present in both ciliated and non-ciliated cells and serves as a loading control. (B) Analysis of the surface-expressed F
protein on RSV-infected ciliated cells. At 72 hpi mock-infected (M) cells and virus-infected (I) cells were surface-biotinylated and the F protein immunoprecipitated. (i) Shows
the total biotinylated proteins detected in the cell extract from mock-infected (M) and RSV-infected (I) cells and in (ii) the surface-expressed F protein were isolated by
immunoprecipitation using anti-F. In (ii) the F1 subunit is indicated. Also highlighted is an 80 kDa protein species that co-precipitated with anti-F (*).
Table 1
Cilia beat frequency measurements on mock-infected and RSV-infected nasal
epithelial (NE) cell monolayers at between 1 and 5 days-post-infection (dpi). The
NE cell monolayers were either mock-infected or RSV-infected using a multiplicity
of infection of 3 and the cilia beat frequency (Hz) measured as described in
methods. The values shown are the averages of two monolayers for each time point
of infection. The values in the parentheses indicate the ranges of the values
obtained from both monolayers. *The percentage decrease following RSV infection
is based on the average cilia beat frequency measurements of mock and infected
monolayers at each time point of infection.
Time (dpi) Cilia beat frequency (Hz) Decrease (%)n
Mock-infected RSV-Infected
1 6.90 (6.05–7.52) 6.21 (5.80–6.86) 10
2 5.06 (4.27–5.76) 3.50 (2.85–4.21) 31
3 6.14 (5.25–6.90) 3.64 (3.03–4.08) 41
4 6.78 (5.53–7.47) 3.66 (3.13–4.47) 46
5 6.66 (5.87–7.86) 3.02 (2.30–3.94) 55
Table 2
Infectious virus released from RSV-infected nasal epithelial (NE) cell monolayers.
The NE cell monolayers were infected using a multiplicity of infection of 3 and at
between 0.25 and 5 days post-infection the virus infectivity on the apical cell
surface was recovered by washing the cell surface with DMEM (2% FCS) for 20 min.
The washings were divided into aliquots and the infectivity associated with each
specimen assayed on HEp-2 cells by microplaque assay. The average values
performed from triplicate measurements in plaque forming units per ml (pfu/ml)
for each time point of infection are shown.
Time (dpi) Virus titer (pfu/ml)
0.25 1.8102
1 2.4102
2 2.0103
4 2.5103
5 1.8104
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We examined the cilia length at each time of infection used in
the study, and we noted that on both mock-infected and virus-
infected cells the cilia length varied between approximately 5 and
6 mm in length (Fig. 10G). These structures were distinct from the
shorter virus particles which were between 1 and 1.5 mm in length.
This highlighted the different physical appearances of the virus
particles and cilia, and also indicated that virus infection did not
produce a reduction in cilia length. Although the cilia could be
detected on infected cells at 5 dpi, we estimated an approximate
80–90% reduction in the numbers of cilia compared to that on
mock-infected cells. Collectively, these observations therefore
indicated that virus infection reduced the numbers of cilia on
the infected cells (i.e. the cilia density) rather than altering the
physical dimensions of the cilia (e.g. by reducing the length). These
observations are consistent with recent reports that RSV infection
leads to both the loss of ß4 tubulin stained cells and cilia
dysfunction by impairing ciliagenesis during advanced stages of
infection (Smith et al., 2014; Mata et al., 2012).
Discussion
Our observations were consistent with transport of the virus
structural proteins to the apical surface of the ciliated cells. All the
virus structural proteins examined localized to regions on the cell
surface that were distinct from cilia, suggesting that virus matura-
tion occurred at non-cilia associated cell surface structures.
Although a proportion of the F protein (and G protein) was
trafﬁcked into the cilia, detectable N protein levels in the cilia were
not observed. Since the N protein is a major virus structural protein
this suggested that the cilia-associated F protein was not associated
with mature infectious virus particles. The mechanism for this
selective incorporation of the virus F and G glycoproteins into cilia
is unclear. Although the cilia form on the apical surface of these
cells, these structures are separated from the cell body by transition
ﬁbers and have a lipid and protein composition that is distinct from
that of the cell (Hsiao et al., 2012). Fusion of secretory vesicles from
the Golgi complex with the pericillary membrane has been pro-
posed as a means of targeting proteins to the ciliary membrane.
Targeting signals within cilia-resident proteins have been proposed
(Nachury et al., 2010), and it is possible that targeting of the F
protein to the ciliary membrane occurs via speciﬁc targeting signals
in the virus protein. For example, palmitoylation is required for the
trafﬁcking of several proteins into the cilia (Tam et al., 2000; Follit
et al., 2010), and both the G and F proteins are modiﬁed by
palmitoylation (Collins and Mottet, 1992; Arumugham et al.,
1989). The F and G proteins form a single stable complex on the
surface of RSV-infected cells (Low et al., 2008) and therefore co-
trafﬁcking of both proteins into the cilia would be expected. The
presence of lipid-raft microdomains within the lipid membrane of
Fig. 10. Extensive loss of cilia occurs on RSV-infected nasal epithelial cells at 5 days -post-infection (dpi). At 5 dpi (A) mock-infected cells and (B) RSV-infected cells were
stained using anti-β4 tubulin and anti-N (i) imaging at an optical plane above the infected cells that allows the cilia to be visualized and (ii) at an optical plane that allows the
cell periphery to be visualized. (C) Another infected cell showing extensive cilia loss (only the merged image is shown). The cilia (white arrows) and anti-N staining (*) are
highlighted. (D) Cells were either mock-infected (M) or RSV-infected (I) and at 5 dpi the cells were analyzed by immunoblotting using anti-β4 tubulin and anti-actin. Protein
bands corresponding to β4 tubulin and actin proteins are indicated. Actin is a loading control. (E) (i) RSV-infected cells were stained using anti-N and anti-G. The ﬁlamentous
staining pattern is indicated (white arrows). (ii) is an enlarged image from the region in (i) (highlighted by open white box). The ﬁlamentous staining pattern is indicated
(white arrows). (F) Scanning electron microscopy of mock-infected and RSV-infected cells at 5 dpi. Specimens were visualized using a Quanta FEG 200 (FEI) at 10,000 ,
20,000 and 25,000 magniﬁcation. The cilia, microvilli (mv) on non-ciliated cells and virus particles (VF) are highlighted (G). Estimate of the virus particle and cilia
lengths in mock-infected and RSV-infected cells were made by recording the measurements in 5 separate cells using the Zeiss imaging tools. At each time 20 measurements
per cell were made (n¼100). Representative data from one experiment is shown for the cilia on mock-infected cells (Mock C), and the cilia (infected C) and virus particles
(infected V) on RSV-infected cells.
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cilia have been reported (Tyler et al., 2009), suggesting that raft-
association may also be a prerequisite for cilia targeting. Interest-
ingly our analysis indicated the presence of lipid raft microdomains
on the surface membrane of cilia, and the raft-association of the F
and G proteins in RSV-permissive cell lines has been demonstrated
(Brown et al., 2004, 2002; McCurdy and Graham, 2003). However,
we failed to detect the presence of the M2-1 protein in the cilia,
despite its demonstrated association with lipid-raft membranes.
This suggested that if lipid raft membranes facilitate targeting of the
virus glycoproteins into the cilia, their association with lipid rafts
may not be a targeting signal.
There is likely to be a small variation in the degree of infectivity
associated with individual cells in the NE cell monolayer at each
time of infection, however our data is consistent with a temporal
sequence of events that follows virus infection. The virus proteins
are initially expressed on the cell surface, and as the infection
proceeds the levels of virus antigen increase at the cell surface. A
proportion of the virus F and G proteins are also trafﬁcked into the
cilia, which localizes at speciﬁc regions along the length of the
cilia. Their presence correlated with both altered ß4 tubulin
distribution within the cilia and with impaired cilia function. It
is not clear if targeting of the virus glycoproteins into the cilia
could adversely affect normal cilia function (e.g. by impairing
normal vesicle trafﬁcking), but ß4 tubulin polymerization at the
distal of the cilia axoneme is a major factor in the growth and
maintenance of the cilia (Hsiao et al., 2012). Interestingly our
observations indicate the accumulation of ß4 tubulin at speciﬁc
locations along the cilia, suggesting that normal trafﬁcking of
tubulin by the intraﬂagellar transport complex maybe perturbed
(Bhogaraju et al., 2014). This would be expected to cause the
accumulation of un-polymerised ß4 tubulin at the distal end of the
cilia. Although the underlying mechanism that leads to this altered
ß4 tubulin staining pattern is currently uncertain, ß4 tubulin is a
major structural component of the cilia axoneme and our observa-
tions are consistent with virus-induced changes in the cilia
axoneme. Our ﬁndings are also consistent with the recent ﬁndings
of Mata and colleagues who reported reduced expression of
important regulators of ciliagenesis in RSV-infected ciliated cells
(Mata et al., 2012). Although several previous studies have
examined the effect of RSV infection in ciliated cells over extended
periods of between 8 and 15 days post-infection (e.g. Zhang et al.,
2002; Wright et al., 2005), our data suggests that the virus-
induced changes in cell physiology that cause cilia dysfunction
occurs relatively early following virus infection.
F-actin has been shown to play a role in RSV morphogenesis in
permissive cell lines (Ravi et al., 2013), and its association with RSV
particles in the ciliated cells suggests that F-actin stabilised struc-
tures may also play a similar role in virus particle formation.
Interestingly, F-actin remodeling plays an important role in RSV
particle assembly and transmission in permissive cell lines, and
several studies have suggested that F-actin remodeling has a
deleterious effect on cilia structure and function (reviewed in Yan
and Zhu (2013)). The association of F-actin with virus particles in
the ciliated epithelial cells suggests that similar F-actin remodeling
could be one of several factors contributing to cilia dysfunction.
The physiological and clinical relevance of the virus-induced
reduction in cilia that we observed is not certain. In this study we
have examined the RSV A2 isolate, which is a well characterized
laboratory isolate that has been used in many studies on RSV
replication. Although the RSV A2 sequence that we use has a high
degree of sequence homology to several non-tissue culture adapted
virus strains (Kumaria et al., 2011), it is possible that the A2 isolate
may have subtle differences in biological characteristics compared
to circulating RSV strains in the environment. However, on the basis
of our observations using the RSV A2 isolate in this cell model we
can speculate that in the clinical scenario RSV-induced changes in
cell physiology could also lead to loss of cilia and cilia beat function.
The presence of the cilia in the nasal epithelium would normally be
expected to provide protection against colonization of the nasal
cavity by a wide range of respiratory pathogens. A correlation
between RSV infection and the onset of secondary bacterial infec-
tion (Palacios et al., 2009; Ampofo et al., 2008) suggests loss of cilia
function may be one of several factors that could facilitate the
colonization of the upper respiratory tract by RSV and other
opportunistic viral and bacterial pathogens.
Conclusion
Human ciliated nasal epithelial cells were generated from healthy
subjects using hNESPCs and infected with RSV. While RSV preferen-
tially infected the ciliated cells, virus morphogenesis occurred on the
cell surface at non-cilia locations. However we also noted that a
proportion of the F and G proteins were also trafﬁcked into the cilia
at between 24 and 48 hpi. By 72 hpi increased localizations of the F
protein (and G protein) in the cilia correlated with the appearance of
localized concentrations of ß4 tubulin along the cilia shaft and at the
distal ends of the cilia. This altered ß4 tubulin distribution correlated
with impaired cilia function and with increased virus replication. By
5 dpi we noted a 90% reduction in the cilia on the surface of infected
cells. Our data suggests that although RSV morphogenesis occurs at
non-cilia locations, RSV infection promotes cilia dysfunction by
inducing cellular changes that lead to reduced cilia density.
Materials and methods.
Virus preparation
The RSV A2 strain was prepared in HEp-2 cells as described
previously (Radhakrishnan et al., 2010). HEp-2 cells were main-
tained in Dulbecco's Modiﬁed Eagle's medium (DMEM) (Invitro-
gen) with 10% FCS and 1% penicillin/streptomycin (Invitrogen).
Unless speciﬁed, cells were infected with RSV using a multiplicity
of infection (moi) of 3 in DMEMþ2% FCS at 33 1C and 5% CO2.
Derivation of human nasal epithelial stem/progenitor cells (hNESPCs)
Approval for the collection of hNESPCs was obtained (DSRB Ref:
D/11/228) from the National Healthcare Group Domain-Speciﬁc
Review Board of Singapore. Nasal mucosa biopsies were collected
from healthy adults with a septal deviation who were scheduled for
septal plastic surgery in National University Hospital, Singapore. All
subjects were free of symptoms of an upper respiratory infection.
Tissue specimens were kept in pre-chilled DMEM medium (Hyclone,
high glucose) with 100 IU/mL of antibiotic-antimycotic solution
(Gibco-Invitrogen, Grand Island, NY) and transferred to the labora-
tory within 1 h. Primary culture of hNESPCs was carried out by
Dispase II (Sigma) digestion and trypsinization. Single cell suspension
was seeded onto Mitomycin C (Sigma) treated NIH/3T3 (ATCC,
Manassas, VA) at 1–1.5104 epithelial cells/cm2 in 6-well plate.
hNESPCs were cultured in serum-free medium as previously
reported (Zhao et al., 2012) for 3–4 days at 37 1C with 5% CO2.
In vitro differentiation of hNESPCs by air–liquid interface (ALI) culture
The hNESPCs were passaged twice at exponential growth stage
and harvested at passage 1 by Accutase (Invitrogen) dissociation,
and 5104 hNESPCs were seeded onto 24-well with 0.4-mm
Transwell inserts (Corning, Corning, NY) for air liquid interface
(ALI) culture using B-ALITM differentiation kit (Lonza, Walkers-
ville, MD). The differentiation medium was refreshed every two
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days, and the mucus secreted in the apical chamber was removed
during the routine medium change. Full differentiation of hNESPCs
into functional nasal epithelial cells, including beating ciliated cells
and mucus-producing goblet cells, was achieved by 45 days of ALI
culture. This was conﬁrmed by immuno-ﬂuorescence staining of
ciliated and goblet cell markers β4-tubulin and muc5ac, respec-
tively (Zhao et al., 2012). The transepithelial electrical resistance
(TEER) was measured using an EVOM voltammeter device with
STX2 electrodes (WPI, Sarasota, FL, USA), and corrected by sub-
tracting the background (blank Transwell inserts and medium).
Prior to infection TEER readings of between 600 and 750 Ω/cm2
were routinely obtained from the fully differentiated cell
monolayers.
Infection of RSV in fully differentiated nasal epithelial cells
The differentiated nasal epithelial cells grown on Transwell inserts
were washed once with PBS at 33 1C and the cells were infected with
RSV using a multiplicity of infection (moi) of approximately 3 in the
apical chamber. The cell numbers in the monolayer was estimated
based on the number of cells expected in a one cell monolayer when
conﬂuent on the surface area of the Transwell membrane (approxi-
mately 3.3104 cells; Corning). In mock-infected cells an identical
volume of DMEM was used. After 3 h the inoculum or medium was
removed, gently washed with PBS, and Transwell inserts incubated
humidiﬁed chamber at 33 1C with 5% CO2.
Cilia beat frequency measurements
This was performed as described previously (Wang et al., 2014).
Brieﬂy, the cilia beat frequency (CBF) was measured using a BASLER
scA640-120fm camera attached to Olympus CKX41 inverted micro-
scope (20 objective lens). The CBF readings were obtained from
three ﬁxed-positions on each cell monolayer, and a 10-min CBF
measurement used for each position view. At each position 5 inde-
pendent measurements were made, and two separate samples
(i.e. duplicate cell monolayers) were used for each time point
measurement. The data was collected and analyzed using the
Sisson-Ammons Video Analysis (SAVA) system (Sisson et al., 2003).
Microplaque titration of RSV infectivity
At each time of infection the apical cell surface was incubated
with 200 ml of DMEM with 2% FCS for 20 min at 331 C with
occasional rocking and gentle aspiration of the media over the
surface. The media was then gently aspirated into fresh tubes and
each sample was stored at 80 1C in aliquots and until the
infectivity was assayed. The recovered viral infectivity was
assessed on HEp-2 cells using a microplaque assay essentially as
described previously (Cannon 1987) but with minor modiﬁcations.
The monolayers were incubated with an anti-RSV MAb conjugated
to FITC (Novacastra), and the stained microplaques were counted
using a low-power inverted ﬂuorescence microscope.
Antibodies and speciﬁc reagents
The anti-G (mab 8582; Abcam), anti-RSV (RCL3) and anti-RSV
conjugated to FITC (Novacastra Laboratories), anti-muc5ac
(Abcam) and anti-β4 Tubulin (Abcam) were used. The RSV N, P,
and M2-1 antibodies have been described previously (McDonald
et al., 2004; Rixon et al., 2004). The F protein polyclonal and
monoclonal antibody MAb19 were gifts from Jose Melero (Madrid,
Spain) and Geraldine Taylor (IAH, UK) respectively, and the
phalloidin-FITC was purchased from Sigma Aldrich and cholera
toxin B subunit conjugated to Alexa Fluors 488 (CTX-488) was
purchased from Invitrogen. We purchased anti-mouse IgG
conjugated to FITC (1/100 dilution) (Sigma) and anti-rabbit IgG
conjugated to Alexa555 (1/2000 dilution) (Molecular Probes).
Immunoﬂuorescence microscopy
The cells in the Transwell plate were ﬁxed using 4% paraformal-
dehyde in PBS at 4 1C for 20 min. The ﬁxative was placed both in the
well of the dish and in the transwell compartment. The
paraformaldehyde-ﬁxed specimens were then washed 3 times using
PBS at 4 1C. The membrane from each Transwell insert was excised
using freshly opened surgical blade and cut into three equal pieces.
The membrane sections were stained using the respective cell stain
or antibody combinations. After staining the membrane pieces were
mounted on slides using Citiﬂuor. The phalloidin-FITC staining of
cells at 4 1C and the antibody labeling procedures were performed as
described previously (Brown et al., 2002). CTX-488 staining was
performed at 4 1C for 30 min, after which the cells were ﬁxed using
4% paraformaldehyde in PBS at 4 1C for 20 min and then immuno-
labelled using relevant antibodies (Brown et al., 2002). The stained
cells were either visualized by immunoﬂuorescence (IF) microscopy
with a Nikon eclipse 80i ﬂuorescence microscope (Nikon ECLIPSE
TE2000-U) to obtain wide ﬁeld views of the cells on the cell
monolayer, or individual cells or groups of cells were imaged in
more detail by confocal microscopy using a Zeiss Axioplan 2 LSM510
confocal microscope using appropriate machine settings. Pearson's
correlation coefﬁcient (R and R2) and the distribution of the Ch2-T1
and Ch3-T2 pixels in the scatter-plots were obtained using the co-
localization analysis tools in the LSM510 software.
Analysis of surface expressed proteins
This was performed as described previously (Low et al., 2008).
Brieﬂy, cell monolayers were treated with 0.5 mg/ml sulpho-NHS-LC-
LC-biotin (Pierce) in PBS, pH 8.0, and after treatment the cells were
washed using PBS, pH 8.0 containing 2 mM lysine. Cells were extracted
using Laemmli sample buffer heated at 95 1C for total surface protein
analysis. The surface expressed F protein was immunoprecipitated
from detergent extracts at 4 1C using anti-F. The immunoprecipitated
protein was transferred onto PVDF membranes by Western blotting
and protein bands detected using streptavidin–HRP.
Scanning electron microscopy (SEM)
The cells (on the Transwell inserts) were washed using PBS. The
cells were then incubated in the primary ﬁxative (3%(v/v)) glutar-
aldehyde in PBS for 1 h at 25 1C. The cells were then washed
extensively in PBS and then incubated in the secondary ﬁxative (1%
(w/v) osmium tetroxide) for 1 h at 25 1C. The cells were washed
extensively in PBS, and then processed as described previously
(Jeffree et al., 2003). The cells were critical point-dried (Polaron
CPD) using ethanol and the membrane mounted on aluminum
stubs. These were gold-coated and visualized with a Jeol 5600 or a
Quanta FEG 200 (FEI) scanning electron microscope using appro-
priate machine settings.
Immunoblotting analysis
Cell extracts were prepared using Laemmli sample buffer and the
extracts heated at 95 1C. The lysates were sonicated brieﬂy to reduce
sample viscosity. The proteins were separated by SDS-PAGE and
transferred onto PVDF membranes by Western blotting. The mem-
branes were probed using the appropriate antibody and protein
bands detected using the ECL detection system (GE Healthcare).
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